In the disease familial amyloidosis, Finnish type (FAF), also known as AGel amyloidosis (AGel), the mechanism by which point mutations in the calcium-regulated actin-severing protein gelsolin lead to furin cleavage is not understood in the intact protein. Here, we provide a structural and biochemical characterization of the FAF variants. X-ray crystallography structures of the FAF mutant gelsolins demonstrate that the mutations do not significantly disrupt the calcium-free conformations of gelsolin. Small-angle X-ray-scattering (SAXS) studies indicate that the FAF calciumbinding site mutants are slower to activate, whereas G167R is as efficient as the wild type. Actin-regulating studies of the gelsolins at the furin cleavage pH (6.5) show that the mutant gelsolins are functional, suggesting that they also adopt relatively normal active conformations. Deletion of gelsolin domains leads to sensitization to furin cleavage, and nanobody-binding protects against furin cleavage. These data indicate instability in the second domain of gelsolin (G2), since loss or gain of G2-stabilizing interactions impacts the efficiency of cleavage by furin. To demonstrate this principle, we engineered non-FAF mutations in G3 that disrupt the G2-G3 interface in the calcium-activated structure. These mutants led to increased furin cleavage. We carried out molecular dynamics (MD) simulations on the FAF and non-FAF mutant G2-G3 fragments of gelsolin. All mutants showed an increase in the distance between the center of masses of the 2 domains (G2 and G3). Since G3 covers the furin cleavage site on G2 in calciumactivated gelsolin, this suggests that destabilization of this interface is a critical step in cleavage.
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amyloid | gelsolin | FAF | AGel amyloidosis | structure F amilial amyloidosis, Finnish type (FAF), also known as AGel amyloidosis (AGel), is an autosomal-dominant and monogenic disease characterized by deposition of amyloid fibrils derived from the gelsolin protein in different organs and tissues. Symptoms include corneal lattice dystrophy, cranial neuropathy, skin elasticity problems, and renal complications (1-3). It was first described to be restricted to the Finnish population (4), but more recently, cases have been reported with known and novel mutations in individuals with genetic backgrounds from Africa, Asia, Europe, and South America (5) (6) (7) (8) (9) (10) (11) . Most mutations known to cause gelsolin amyloidosis arise from a single-point mutation in exon 4 (G167R, N184K, and D187N/Y; mature plasma gelsolin numbering here and throughout the manuscript) (12) (13) (14) . Recently, 3 new mutations were reported P432R, A551P, and one in exon 1, causing a frameshift in the gelsolin gene (Ala7fs) (11, (15) (16) (17) .
The most common FAF mutation, D187N/Y (substitution of aspartic acid 187 to asparagine or tyrosine), occurs in the Ca 2+ binding site of the second domain of gelsolin (G2), which prevents calcium binding to G2 (18) (19) (20) . Therefore, disruption of the conformational changes of gelsolin upon calcium activation is thought to be aberrant, and G2 becomes unstable in the presence of these mutations (19, (21) (22) (23) . Under these conditions, gelsolin becomes activated, but transformation from the closed inactive conformation to the open active conformation is likely to be less efficient (20) . Another distinct gelsolin mutant involves the substitution of glycine to arginine at position 167 (G167R), a mutation that is not in a calcium-binding residue. This mutation has been proposed to cause domain-swapped aggregation (24) . The various point mutations lead to partially misfolded proteasesensitive products (25) , which are targeted when the proteins travel through the trans-Golgi network during secretion. There, the mutant gelsolins are cleaved by furin, and a C-terminal 68-kDa fragment (C68) is produced. This truncated fragment of gelsolin is then degraded by the membrane type 1 matrix metalloprotease on export outside the cell, giving rise to 8-and 5-kDa amyloidogenic fragments, which self-assemble (26) . The frameshift mutation (Ala7fs) would not be expected to translate
Significance
In the disease familial amyloidosis, Finnish type (FAF) the mechanism by which point mutations in gelsolin domain 2 (G2) lead to furin cleavage is not understood for the intact protein.
Here, we determine that FAF mutants adopt similar conformations to the wild-type protein. However, the mutations appear to affect the dynamics of domain:domain interactions. Thus, proper domain:domain interactions are needed to protect G2 from protease cleavage. We make mutations in the following domain (G3) that functionally mimic the FAF mutations in G2. We conclude that G2 is on the limits of stability, and perturbations that affect domain:domain stabilizing interactions tip the balance toward cleavage. These data explain how multiple FAF mutations give rise to amyloid formation.
the region of gelsolin to form FAF fragments (11) , thus any amyloids formed from the Ala7fs mutation likely have a distinct composition relative to the other FAF fibrils.
We previously investigated the inactive and active conformations of wild-type (WT) gelsolin (27) . Here, we assess the impact of the FAF mutations on the gelsolin structure using X-ray crystallography, small-angle X-ray scattering (SAXS), biochemical assays, and furin cleavage assays. We find that these mutations disrupt the dynamics of domain:domain interactions with G2 and lead to sensitization to furin cleavage. By contrast, the allosteric binding of a nanobody to G2 protects against furin cleavage. Together, these data suggest that G2 is close to the limit of stability and that multiple modifications are capable of shifting the balance toward instability.
Results
To understand the structural basis of the breakdown of gelsolin in FAF, we crystallized and solved the calcium-free X-ray structures of the FAF mutant gelsolins G167R, D187N, and D187Y (28) (29) (30) . These mutants crystallized in the wild-type crystallization conditions and formed crystals of the same space group and similar cell dimensions. Molecular replacement using the wild-type structure led to structures of the mutants that showed no gross conformational changes with respect to the wild-type structure ( Fig. 1) , characterized by RMSDs of 0.41-0.51 Å in comparison with the wild-type structure (Fig. 1F) . The mainchain electron density around the mutation sites was well defined with reasonable density for the mutant sidechains ( Fig. 1 A-E) , indicating that the mutations do not induce large changes in the calcium-free gelsolin structure. Closer examination of the mutation conformations revealed differences in the bonding patterns of the mutant residues. Wild-type Asp187 is able to form a charge-charge interaction with Lys166 and 2 potential hydrogen bonds with Asn184 and Gln164, interactions that stabilize the G2 β-sheet (SI Appendix, Fig. S1 ). The D187N mutant loses the ability to form the chargecharge interaction but can form potential hydrogen bonds with Gln164, Lys166, and Asn184 (SI Appendix, Fig. S1A ). D187Y is unable to form charge-charge interactions or hydrogen bonds with these residues (SI Appendix, Fig. S1B ). By contrast, in the absence of a sidechain in wild-type Gly167, there is no loss of bonding pattern on mutation. However, the bulkier arginine residue approaches G3 (SI Appendix, Fig. S1C ) and may pay a steric penalty. Furthermore, the sidechains around 167Arg show differences between the 2 copies in the asymmetric unit in this region. This indicates that loss of mainchain rotational freedom, in replacing glycine by arginine, and the difficulty in accommodating the bulkier residue, impacts on the mainchain conformation. The following residues, Arg168 and Arg169, form charge-charge interactions with Asp669 and Asp670, respectively, which are a major determinant of the G2:G6 interaction that locks the calcium-free structure (27) . Any disruption to this interaction would be predicted to reduce the stability of the inactive conformation. Thus, the calcium-free structures display the normal gelsolin conformation, but may be dynamically less stable.
Next, we asked whether the mutant gelsolins are functional at pH 6.5, the pH of the trans-Golgi. In a pyrene-actin polymerization assay the mutant gelsolins, in the presence of calcium, were able to overcome the lag phase in actin polymerization, caused by the slow rate of the nucleation step of actin polymerization ( Fig. 2A) . This suggests that the mutants can be activated by calcium and bind to 2 actin monomers in an F-actin conformation that allows pointed end elongation. Furthermore, in an actin filament sedimentation assay the mutant gelsolins were able change the location of actin from the pellet to the supernatant on the addition of calcium (Fig. 2 B-E) . This activity is consistent with the mutant gelsolins retaining their ability to undergo calcium-induced conformational changes to sever actin filaments. Thus, the active conformations of the FAF gelsolins appear to be normal by using biochemical activity as a proxy for assessing the ability to reach the active calcium-bound structure.
Since the D187N/Y mutations involve a type II calciumbinding site in G2 (31) we followed the global calcium-induced conformational changes in the gelsolins using time-resolved SAXS. For the wild-type protein, a clear conformational change was observed in the Kratky plots and in changing the radius of gyration (Rg) on adding calcium, and this change was close to completion at the first recordable time point (130 ms) measurement after the addition of calcium ( Fig. 3 A and E) . The calciumbinding site mutants showed delayed conformational changes. D187Y achieved the conformational change in the timeframe of the experiment (400 ms, Fig. 3 B and E), whereas D187N showed only partial conformational change within this timeframe ( Fig. 3 C and E). Finally, the G167R mutant activated on the same timescale as the wild-type protein (Fig. 3 D and E) . Thus, mutations to the G2 calcium-binding site result in lower efficiency in the calcium-induced conformational changes.
The stability of the calcium-free and calcium-bound structures was assessed using a thermal denaturation assay. In the absence of calcium, the G167R mutant was ∼4°less stable than the wildtype and the D187N/Y mutants (Fig. 3F) , which had midpoints to their thermal denaturation transition profiles of ∼54°C. The reduced G167R mutant stability may be attributed to the suboptimal interactions between G2 and G6, as discussed for the calcium-free crystal structure above. Addition of calcium increased the stability of all of the proteins, characterized by midpoints in their thermal denaturation profiles of ∼60°C (Fig.  3G ). This suggests that the final calcium-activated structures are similar for wild-type and mutant gelsolins. Taken together, these data indicate that the mutant proteins can adopt similar inactive and active structures to the wild-type proteins and that they are functional in regulating actin. However, the D187N/Y mutants show slightly delayed calcium activation, and the G167R mutant shows lower stability in its inactive form.
Next, we turned to a furin cleavage assay to understand how these minor differences translate into different biological outcomes. All 3 mutants, but not the wild type, showed cleavage by furin at pH 6.5, the approximate pH of the trans-Golgi (Fig. 4A ). This effect was diminished in the presence of a nanobody (Nb11) that binds to G2 at a site that is distant from the furin cleavage site (Fig. 4A) (32) . The furin cleavage became more robust under the same conditions when a fragment, comprised of domains 2 and 3 (G2G3), of gelsolin was used (Fig. 4B) . The wild-type G2G3 remained intact, whereas the mutants were completely cleaved, and the nanobody afforded almost complete protection against cleavage.
We hypothesized that the interaction between domains G2 and G3 may be important in protecting G2 from cleavage. To test this hypothesis, we created mutations in G3 that would be predicted to disrupt the active structure of G2G3 (SI Appendix, Fig. S2 ). These mutants were subjected to the furin cleavage assay (Fig. 4C) . All 3 non-FAF mutants (K314M, L361D, and Q364L) were able to induce susceptibility to furin cleavage, and total protection from furin cleavage was imparted by the inclusion of the nanobody, despite it binding to the other domain (G2) rather than to the domain with mutation sites (G3) (Fig. 4D) .
To understand the impact of these mutations on the gelsolin structure, we performed molecular dynamics (MD) simulations for the wild type, the FAF mutant, and the non-FAF G2G3 mutants. All of the mutations tend to disrupt the G2G3 structure as indicated by the increase of the overall root-mean-square deviation (RMSD) from the starting structures and the center of mass (COM) distances between the 2 domains ( Fig. 5 and SI Appendix, Figs. S5-S7). The structure disruption effect can also be observed from the potentials of mean force, which show that the free-energy penalties of separating the domains G2 and G3 are significantly reduced in all of the mutants (Fig. 5B and SI Appendix, Fig. S5B ). More detailed analysis suggests that the mutations mainly disrupt the G2-G3 interface, and the structures of the individual domains mostly remain intact through the timescale (150 ns) of the simulations (SI Appendix, Figs. S8 and S9). The above observations are consistent with the results of the furin cleavage assay, since G3 covers the furin-cleavage site on G2 in the calcium-bound conformation (21) , and the disruption of the G2-G3 interface by mutation makes the site accessible to furin.
Discussion
We have probed the effect of FAF mutations on the structure and activity of full-length gelsolin. The FAF mutations have minimal impact on the structure of gelsolin and have little consequence on its activity. The calcium-binding site mutations delay calcium-induced activation, while the G167R mutation destabilizes the inactive conformation. Removal of domains G1 and G4-G6 results in a fragment of gelsolin (G2G3) that is sensitized to furin cleavage. This suggests that the removed domains contribute to the stability of G2 and impart partial protection from cleavage by furin to the FAF mutant gelsolins. Similarly, binding of a nanobody to G2, to a distant site to the furin-cleavage site, also engenders protection. These data all point toward the conformation of G2 to be close to the limits of stability (19, 32) . A second factor in determining susceptibility to cleavage is the accessibility of the furin cleavage site. Loss of interactions with residue 187 or introduction of a steric handicap (G167R) lead to the domain sampling of conformations that can be cleaved by furin. In calcium-bound G2G3 this site on G2 is occluded by G3. The non-FAF mutants demonstrated that disruption of this interface results in increased cleavage. Dissociation of G3 will simultaneously have an impact on the stability of G2, due to the loss of this stabilizing interaction. Inspection of the activated structure of G1-G3 reveals that each of the FAF mutations in domain 2 (G167R, N184K, and D187N/Y) will directly impact the ability for G3 to cover the FAF-cleavage site on G2 (27) . D187N/Y mutants disrupt the calcium-binding site, which holds the G2-G3 linker in place, while G167R and N184K point their sidechains at the G2-G3 linker, likely perturbing the positioning of the linker and destabilizing the G2:G3 interaction. We note that the P432R and A551P mutation sites lie at positions in both the calcium-free and calcium-bound conformations of gelsolin that may be expected to disrupt the G4:G5 interface. Thus, these mutants may disrupt the general structure of gelsolin, and since G3 is linked to G4, any disruption to the G4:G5 may have knock-on effects for the dynamics of the G2:G3 interaction and sensitize G2 to cleavage. We conclude that G2 is quasi-stable, and any perturbation that decreases the stability of G2 and disrupts the G2:G3 interaction leads to exposure of the furin cleavage site, resulting in the fragmentation of the protein. This mechanism predicts that there are further mutations to gelsolin, such as the non-FAF mutants created here, that can increase the susceptibility of the gelsolin to cleavage by furin. Should such variants be present in the human population, then the mechanism also predicts that these mutant gelsolins will be cleaved in the trans-Golgi, and that the carriers may exhibit FAF symptoms, following further extracellular cleavage and self-assembly of the resultant peptides into fibrils.
Materials and Methods
Constructs and Protein Production. DNA encoding full-length human gelsolin (residues 25-755) and G2-G3 (residues 132-372) was engineered into the expression vector pSY5, a modified version of pET-21d(+) (Novagen), which places an N-terminal, 8-histidine tag, followed by a human rhinovirus 3C protease cleavage site ahead of the N termini of the proteins. Mutated variants of full-length gelsolin (D187N/Y and G167R) were constructed by using QuikChange site-directed mutagenesis (Stratagene) with the full-length wildtype gelsolin and G2-G3 as the templates. DNA sequencing verified the identities of the constructs. Recombinant proteins were expressed and purified as described previously (27) . The oligomeric states of the full-length proteins were analyzed by size exclusion chromatography (SEC) monitored by UV absorption and multiangle light scattering (MALS), which gave profiles consistent with monomeric proteins with estimated molecular weights between 67-80 kDa for these 83-kDa proteins (SI Appendix, Fig. S10 ). Nanobody Nb11 was purified as previously reported (32) .
Size Exclusion Chromatography-Multiangle Light Scattering. DAWN HELEOS 8 multiangle light-scattering 3-angle (43.6°, 90°, and 136.4°) detector and a 663-nm laser beam, with a Wyatt QELS dynamic light-scattering module for determination of molecular size and an Optilab T-rEX refractometer, were used after size exclusion chromatography (Superdex 200 10/300 GL, GE Healthcare). Experiments were performed using an ÄKTA explorer system (GE Healthcare). All experiments were performed at room temperature (25°C). Data collection and SEC-MALS analysis were performed with ASTRA 6.1 software (Wyatt Technology). The refractive index of the solvent was defined as 1.331, and the viscosity was defined as 0.8945 cP. The dn/dc (refractive index increment) value for all samples was defined as 0.185 mL/g. For SEC-MALS experiments, 100 μL of 10 mg/mL gelsolin proteins were loaded on a Superdex 200 column with running buffer of 50 mM Tris·HCl, pH 7.4, and 150 mM NaCl.
Crystallization and Data Collection. Crystals of Ca-free GFL mutants (D187N, D187Y, and G167R) were obtained after mixing 18 mg/mL solution of protein with precipitant solution (15% glycerol, 1.5 M ammonium sulfate, and 0.1 M Tris·HCl, pH 8.5) at 25°C by using the hanging-drop vapor diffusion method. The crystals were frozen in liquid nitrogen after soaking in the precipitant solution supplemented with 20% glycerol. X-ray diffraction data were collected on beamline BL13B1 on an Area Detection Systems Corporation Quantum-315 CCD detector at the National Synchrotron Research Center (Hsinchu, Taiwan). The wavelength was set to 1 Å, and the data were collected at 105 K. D187N mutant data were collected on beamline I02 on Pilatus 6MF detector at the Diamond Light Source. Data were indexed, integrated, and scaled using HKL2000 (33) or xia2 (34) . Crystal structures were solved by molecular replacement using human Ca-free gelsolin as the search model (PDB 3FFN) (27, 35) . The structures were refined using REFMAC5 (36) or Phaser (35) . Manual building was made using the graphics program COOT (37) . Data collection and refinement statistics are shown in SI Appendix, Table S1 .
Actin Nucleation Assay. Ten percent pyrene-labeled G-actin (2 μM) was incubated with the respective gelsolin protein at a molar ratio of 1:100 in buffer A (2 mM Tris·HCl, pH 8, 0.2 mM ATP, 0.1 mM CaCl 2 , 0.5 mM DTT, 1 mM Na azide) in a final volume of 90 μL for 30 min in 96-well black flat-bottomed plates (Corning). Ten microliters of 10× polymerization buffer (500 mM KCl, 10 mM MgCl 2 , 10 mM EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid), 100 mM imidazole HCl, pH 7) was added to each reaction before measurement of the fluorescence intensity at excitation and emission wavelengths of 365 and 407 nm, respectively, with a Safire 2 fluorimeter (TECAN).
Thermal Shift Assays. The reaction mixture, consisting of 12.5 μL of (20 mM Hepes, 100 mM NaCl, pH 6.5) buffer with either 1 mM CaCl 2 or 1 mM EGTA, 5 μL of 2.5 mg/mL protein, and 7.5 μL of 100× Sypro orange (Molecular Probes), was added to each well in 96-well PCR plates (BioRad). Plates were sealed and heated with a temperature range from 20°C to 80°C in 0.2°C increments in an iCycler iQ Real-Time PCR Detection System (BioRad). The transition temperature of each protein was determined as described previously (38) .
Furin Assays. Gelsolin (5 mM) was incubated at 37°C with 1 unit of furin (New England Biolabs) in 20 mM MES (2-(N-morpholino)ethanesulfonic acid) pH 6.5, 100 mM NaCl, 1 mM CaCl 2 . After 60 min incubation, reactions were quenched by the addition of EGTA (100 mM) on ice. The proteolysis reaction was monitored by SDS/PAGE. The extent of cleavage was assessed by densitometry as the average value from 3 gels.
Actin Sedimentation Assay. Gelsolin WT and mutants were tested for their ability to bind F-actin under both calcium and EGTA conditions. Various concentrations of the protein were incubated with F-actin in 50 μL of polymerization buffer for 30 min before centrifugation for 1 h at 150,000 × g using a TLA120.1 rotor in a Beckman Optima Max ultracentrifuge. Fifteen microliters of each sample (supernatant and pellet) were analyzed by SDS/PAGE. SAXS Data Acquisition. SAXS data on gelsolin WT and three mutants; D187N, D187Y, and G167R were collected on beamline ID02 at the European Synchrotron Research Facility (ESRF). The wavelength was set to λ = 1 Å, and the sample-to-detector (Pilatus 300K) distance was set to either 1.2 or 2.5 m. The proteins at 8 mg/mL in 50 mM MES, pH 6.5, 150 mM NaCl, 1 mM EGTA were mixed with an equal volume of 50 mM MES, pH 6.5, 150 mM NaCl, 2 mM CaCl 2 using a stopped flow device (BioLogic, SFM-400). The mixing volume was 0.1 mL, and the mixing time was 95 ms, after which 30 images were recorded at 10 ms per frame. Each experiment was repeated at least 3 times, as were the matched buffer experiments used for background subtraction. This protocol was adopted to collect different time frames during the protein activation. To get a more accurate estimation of the parameters for the starting (EGTA) and ending (calcium) states for the WT protein, a second set of exposures, in which the proteins were preequilibrated (30 min) in their final buffer conditions Fig. 4 . Gelsolin FAF mutants are protected by Nb11 from furin cleavage. Susceptibility to furin cleavage was tested in vitro for both full-length (FL) and G2G3 constructs and analyzed by SDS/PAGE. Incubation of the (A) FL mutants and (B) G2G3 mutants with furin for 3 h. Production of cleaved fragments is observed for the mutants, which is more efficient for G2G3 than FL under the same conditions. Inclusion of Nb11 inhibits the furin cleavage in A and B. "Nb" refers to the inclusion of nanobody. Below, the extent of cleavage was assessed by densitometry as the average value from three gels. (C) Furin cleavage was tested for the non-FAF G2G3 mutants, which show a cleaved gel band assessed after 3 h. Inclusion of Nb11 inhibited the appearance of this gel band. Time course and titrations for the furin assay are found in SI Appendix, Figs. S3 and S4. Statistical tests were applied on differences observed in the percentage of cleaved proteins. Data are the average of three independent experiments ±SD. Student's t test (2-sided) was used for statistical analysis. (D) Cartoons indicate the relative positions of the mutation sites (stars) relative to G2 (green), G3 (yellow), the cleavage site (red cross), calcium-binding sites (black ovals), and the Nb11-binding site. SAXS Data Analysis. For each sample, SAXS snapshots were averaged, then buffer subtracted. SAXS data were analyzed using the ATSAS 2.7.2 software. To avoid spurious scattering from the beam stop, a minimum threshold of the scattering angle q = 0.15 nm −1 was used. Before data fitting, time-resolved measurements at each time point were averaged across experimental replicates, while flow-through experiments were averaged across 30 successive frames. For all flow-through experiments, the autorg command was used to automatically determine Rg by Guinier fitting (39) . Because the time-resolved measurements are noisier, manual Guinier fitting was performed with the PRIMUS graphical user interface (GUI) (40) . In all cases, the number of data points used in the Guinier fit were constrained such that qRg ≤ 1.3. Indirect Fourier Transform fits were also performed manually (by varying Dmax-the maximum dimension-and the regularization parameter) using the PRIMUS GUI. Due to lower signal-to-noise at higher q, only data less than 2 nm −1 were used for all indirect Fourier Transform fits.
MD Simulations. All-atom MD simulations were performed on the wild-type G2G3 and its 6 mutants. The initial structure of the wild-type G2G3 was extracted from the crystal structure of the active conformation of the gelsolin (PDB 3FFK) (27) . The sidechains of the 6 mutants were replaced by using the software Modeller9 (41) . All simulations were carried out using Gromacs 5.1.4 (42) with the CHARMM27 force field for protein and the SPC/E model for water molecules (43) . Cl − and Na + were added to neutralize the system and to produce the physiological salt concentration (150 mM). Eight independent simulations with different initial velocities were conducted for each of the systems. The final simulations were performed in the NPT ensemble at 300 K and 1 atm with the integration time step of 2 fs. For better characterization of the stability changes caused by the mutations, we also calculated the potential of mean force (PMFs) along the separation of the 2 domains for the wild-type G2G3 and its mutants by using umbrella-sampling simulations (44) and the MBAR reweighting algorithm (45) . Fifteen harmonic umbrella potentials were placed along the distances between the centers of mass of the 2 domains ranging from 25.2 Å to 39.2 Å with the force constant of 20 kJ/ mol/Å 2 . Each umbrella window was simulated for 20 ns, with the first 10 ns omitted in the PMF calculations. We repeated the umbrella-sampling simulations 3 times with different initial structures in the umbrella windows to estimate the errors of the PMFs arising from sampling.
